. Purpose: Exercise training promotes skeletal muscle mitochondrial biogenesis and an increase in maximal oxygen consumption. Primary myotubes retain some metabolic properties observed in vivo but it is unknown whether this includes exercise-induced mitochondrial adaptations. The goal of this study was to test if primary myotubes from exercise-trained women have higher mitochondrial content and maximal oxygen consumption compared with untrained women. Methods: Six trained and nine untrained white women participated in this study. Muscle biopsies from the vastus lateralis muscle of the right leg were obtained and primary muscle cells were isolated. Maximal respiration rates, mitochondrial mRNA and protein content, and succinate dehydrogenase activity were measured in skeletal muscle and primary myotubes from trained and untrained women. Results: Trained women, compared with untrained women, had higher maximal whole-body oxygen consumption (+18%, P = 0.03), in vivo maximal skeletal muscle oxidative capacity measured with near infrared spectroscopy (+48%, P G 0.01), and maximal oxygen consumption in permeabilized muscle fibers (+38%, P = 0.02), which coincided with higher protein levels of muscle mitochondrial enzymes. Primary myotubes from trained women had higher maximal oxygen consumption (+38%, P = 0.03), suggesting that some elements of exercise-induced metabolic programming persists ex vivo. Consistent with this idea, myotubes from trained women had higher mRNA levels of transcriptional regulators of mitochondrial biogenesis in addition to higher protein levels of mitochondrial enzymes. Conclusions: These data suggest the existence of an ''exercise metabolic program,'' where primary myotubes isolated from exercise-trained individuals exhibit greater mitochondrial content and oxidative capacity compared with untrained individuals. These myotubes may be a useful model to study molecular mechanisms relevant to exercise adaptations in human skeletal muscle.
xercise training promotes a broad range of skeletal muscle adaptations including increased oxidative capacity (14) (15) (16) . Exercise-induced increases in skeletal muscle oxidative capacity are largely driven by an increase in mitochondrial mass known as mitochondrial biogenesis. These adaptations shift skeletal muscle substrate preference during exercise to fatty acids which promotes glycogen sparing and an increase in exercise endurance (16) . In addition to improving exercise performance, these adaptations likely play a role in the health benefits of regular physical activity (20) . The transcriptional machinery that may mediate exercise-induced adaptations in muscle mitochondria have been extensively studied (1, 18, 22, 23) but we are currently limited in our ability to use genetic or pharmacologic approach to explore exerciseinduced mechanisms in human skeletal muscle.
Primary muscle cells isolated from human biopsy are a common tool used to understand molecular mechanisms that underlie skeletal muscle metabolic processes (3) . For example, primary myotubes derived from patients with type 2 diabetes exhibit impaired insulin-stimulated glucose transport and decreased glycogen synthesis compared with myotubes derived from lean control subjects (12) . Primary myotubes derived from obese individuals maintain ''metabolic programming'' seen in vivo such as reduced fatty acid oxidation (21) , insulin signaling (4, 21) , autophagic flux (5), altered energy metabolism (21) , and altered redox status (9) . The ability of these cells to maintain the metabolic phenotype of their donor ex vivo make them useful for gain-or loss-of-function studies performed in human cells.
Although multiple studies have used human primary myotubes to examine how obesity affects skeletal muscle metabolism, less is known if skeletal muscle adaptations promoted by exercise training also persists ex vivo. In one study, exerciseinduced alterations in skeletal muscle mitochondrial content persisted in myotubes, but they did not perform functional assays to assess oxidative capacity (7) . In another study, exercise training enhanced capacity for myotubes to oxidize some but not all substrates, but their exercise training protocol did not promote a robust increase in mitochondrial biogenesis in muscle biopsy samples (6) . Thus, it is unclear whether human primary myotubes are valid models to study exerciseinduced skeletal muscle mitochondrial adaptations. Observations that primary myotubes maintain the ''exercise metabolic programming'' would be of interest especially in light of recent efforts to identify the molecular transducer of physical activity (20) . The objective of this study was to compare oxidative capacity of primary myotubes derived from skeletal muscle biopsies from endurance trained or untrained individuals. Therefore, we recruited exercise-trained or untrained women and examined whole-body oxidative capacity, maximal oxygen consumption in muscle biopsies, and maximal oxygen consumption in myotubes derived from these biopsies. Based on classic detraining studies that show a rapid decline in exercise capacity after cessation of regular exercise (8), we initially hypothesized that these myotubes would not maintain the increased oxidative capacity that would be observed in the muscle biopsy samples.
METHODS
Study design. This was a cross-sectional study and after prescreening to determine eligibility, all participants completed three testing visits including 1) an initial screening visit with fasting blood collection, 2) a muscle biopsy during the second visit, and 3) at least 1 wk after the muscle biopsy the subjects performed near-infrared spectroscopy (NIRS) testing and a graded maximal oxygen consumption test on a treadmill. This study was approved by the East Carolina University Institutional Review Board, and all subjects provided written informed consent before participating in research activities.
Participants. All participants for this study were white female that were free of any known metabolic diseases or heart conditions, nontobacco users, not taking any medications known to alter metabolism, and either sedentary or endurance exercise trained. Training status was determined by questionnaire and inclusion in this group required women to train four or more days per week for 30 or more minutes per day at a moderate to vigorous intensity. The sedentary, untrained women did not participate in any planned, structured physical activity. All testing was performed during the follicular phase of the menstrual cycle.
Skeletal muscle biopsies. Skeletal muscle biopsy samples were taken from the vastus lateralis muscle of the right leg. The subjects were instructed not to exercise for approximately 48 h before the muscle biopsy. The skin of the muscle biopsy sight was cleansed with a povidone-iodine swab (or chlorhexidine gluconate for subjects allergic to iodine/ shellfish) and then anesthetized with 5 mL of lidocaine. A small incision was made in the anesthetized skin with a scalpel and the muscle biopsy sample was aspirated through a 5-mm Bergstrom needle. Part of the muscle biopsy sample was immediately flash frozen in liquid nitrogen and stored at j80-C until subsequent analysis. Other portions of the muscle biopsy were used for the in situ respiration experiments (~10-20 mg) or placed in low glucose dulbecco modified eagle medium (DMEM) for primary cell culture (~50-100 mg).
Maximal oxygen consumption in permeabilized muscle fibers. A small portion of fresh muscle tissue from the biopsy sample was placed into a small plastic dish on ice containing buffer X (7.23 mM K 2 EGTA, 2.77 mM Ca K 2 EGTA, 20 mM imidazole, 20 mM taurine, 5.7 mM ATP, 14.3 mM phosphocreatine, 6.56 mM MgCl 2 .6H 2 O, and 50 mM K-MES, pH = 7.1) before respiratory analysis. Using finetipped forceps the muscle fiber bundles were separated under a MX6 Stereoscope (Leica Microsystems, USA) so that substrate availability to individual myofibers was maximized. Separated fiber bundles were permeabilized for 30 min at 4-C with saponin (30 KgImL ), followed by being washed in buffer Z (105 mM K-MES, 30 mM KCl, 10 mM K 2 HPO 4 , 5 mM MgCl 2 .6H 2 O, 0.5 mgImL j1 bovine serum albumin (BSA), and 1 mM EGTA, pH = 7.4) for 15 min, and lastly placed in the OROBOROS Oxygraph-2k chamber for highresolution O 2 consumption measurements in buffer Z with 20 mM creatine and 10 KM blebbistatin to inhibit myosin ATPases. The chamber was hyperoxygenated to approximately 320 pmol and a mixed substrate respiration protocol was used which started with palmitoyl-CoA (50 KM) + carnitine (5 mM) which was followed by sequential additions of malate (0.5 mM), ADP (4 mM), pyruvate (5 mM), glutamate (10 mM), succinate (10 mM), cytochrome c (10 KM), and two additions of FCCP (0.5 KM and 0.75 KM, respectively).
Primary cell culture. Fresh muscle was used for primary cell culture as described previously (3) . Briefly, primary cells were isolated, incubated on a non-collagen-coated plate to remove fibroblasts, and then transferred to and grown on a collagen-coated T-25 flask. The cells were propagated and frozen down at passage two and kept frozen until experiments. All experiments were performed on cells at passage four.
Maximal oxygen consumption in skeletal muscle myotubes. Oxygen consumption rates in primary myotubes were measured with a Seahorse Flux Analyzer XFe96 (Seahorse Bioscience, Billerica, MA). Myoblasts were plated (20,000 cells/ well) on a Seahorse XFe96 plate and then differentiated for 5 to 6 d into myotubes with differentiation media (DMEM, 2% horse serum, 0.3% BSA, 0.05% Fetuin, and 100 mgImL j1 Pen/Strep). On the day of the experiment, media was switched to XF Assay Medium Modified DMEM (pH = 7.4) containing added glucose (10 mM), pyruvate (200 mM), and glutamine (200 mM) for 1 h. Subsequently basal and maximal respiration rates were measured during a mitochondrial stress test using the Seahorse XFe96. The protocol for each measurement during the test included a 3 min mixing step, a 30 s wait period, followed by a 3-min respiration measurement. This ''mix, wait, measure'' phase of each measurement cycle was performed three consecutive times during the basal, oligomyin (2 KM), carbonilcyanide p-triflouromethoxyphenylhydrazone (FCCP, 1 KM), and rotenone/antimycin A (5 KM and 2 KM, respectively) phases of the mitochondrial stress test.
Succinate dehydrogenase activity. Succinate dehydrogenase (SDH) activity was measured by calculating the rate of decrease in absorbance resulting from the reduction of 2,6-dichlorophenolindophenol in tissue or cell homogenate at 37-C (2). Initially, the sample was preincubated in 0.5 M succinate to get full activity of the enzyme (2) . After the incubation, a cuvette was filled with 1 mL of SQR medium (10 mM KH 2 PO 4 , 2 mM EDTA, 1 mgImL j1 BSA, pH = 7.8), 100 Kg of protein of preincubated sample, 4 KM rotenone, 0.2 mM ATP, 10 mM succinate, and 80 KM of 2,6-dichlorophenolindophenol. After measuring the background absorbance rate, 80 KM of decylubiquinone was added to start the reaction, and the activity was measured for 5 min using a Shimadzu UV-1800 UV/Visible Scanning Spectrophotometer.
Western blotting. Muscle tissue or cells were homogenized in Lysis Buffer (C2978; Sigma-Aldrich), nutated at 4-C for 1 h, centrifuged at 4-C for 15 min at 12,000g, and the supernatant was transferred to a new tube and stored at j80-C. Western blotting was performed as previously described (10), and samples were analyzed for the protein abundance of complex V-ATP5A (ab14748; Abcam), complex III-UQCRC2 (ab14745; Abcam), and complex II-SDHB (ab14714; Abcam), and the loading control actin (A2066; Sigma-Aldrich).
Quantitative real-time polymerase chain reaction. Primary myotubes were lysed in 1 mL of Trizol (ThermoFisher) and RNA was isolated. Total RNA was reverse transcribed using the IScripti cDNA synthesis kit and quantitative PCR was performed with SYBR Green reagents (ThermoFisher) and the prevalidated human primers used were PGC1>, PGC1A, PPAR>, PPAR F, CPT1A, ACADL, COX IV, 
Data are presented as means T SD. LDL, low-density lipoprotein; HDL, high-density lipoprotein. TFAM, and SDH A-D. The sequence for these primers was identified online at the website human primer depot (https:// primerdepot.nci.nih.gov/), and primers were ordered from ThermoFisher. Cycle numbers were normalized to the mRNA levels of GAPDH which were not different between the groups (data not shown). Graded exercise testing. All participants performed a maximal oxygen consumption test to exhaustion on a motordriven treadmill (Cardiac Science, Bothell, WA) as previously described (11) . Indirect calorimetry was used to measure oxygen consumption (ParvoMedics_ TrueOne 2400 metabolic cart, Salt Lake City, UT). The progressive exercise protocol started with a treadmill velocity of 3.5 mph at 0% grade. Every 2 min, thereafter the grade was increased 2% until volitional fatigue.
Near-infrared spectroscopy. In vivo skeletal muscle mitochondrial respiratory capacity measurements were made on the right leg of each subject using NIRS, as described previously (25) . Briefly, the NIRS probe was positioned and secured on the vastus lateralis muscle of the right leg~10 cm above the knee and a blood pressure cuff was placed around the same leg as close to the hip as possible. The NIRS protocol involved a short duration (È10-20 s) isometric contraction of the quadriceps muscle group to increase skeletal muscle oxygen consumption (mV I O 2 ) which was immediately followed by measurement of the recovery kinetics of mV I O 2 using a series of transient arterial occlusions. The slope of the postexercise mV I O 2 was calculated for each occlusion, and the recovery kinetics of mV I O 2 were fit to a monoexponential curve. The data is expressed as a rate constant which is considered a direct indicator of the maximal skeletal muscle oxidative capacity.
Statistical analysis. A t test was used to determine statistically significant differences between untrained and endurance exercise trained women for each outcome. Statistical significance was set at P e 0.05. All data are presented as mean T SEM unless otherwise noted.
RESULTS
Participant characteristics. The untrained and endurance exercise-trained women were matched for age, weight, body mass index, and blood profiles ( Table 1 ). The exercisetrained women had higher maximal oxygen consumption compared with their untrained counterparts (P = 0.03).
Maximal oxygen consumption and mitochondrial content of skeletal muscle. Trained women, compared with untrained women, had 48% higher skeletal muscle maximal respiration in vivo as assessed by NIRS (P = 0.01) (Fig. 1A) .
Additionally, across a range of different substrates that were used, respiratory rates measured in permeabilized muscle fibers were higher in trained individuals compared with untrained individuals (P e 0.05) (Fig. 1B) . The higher skeletal muscle respiration rates were due to increased mitochondrial content, as trained women had 120% higher complex V (P = 0.01), 260% higher complex III (P G 0.01), and 77% higher complex II (SDH) protein abundance (P = 0.03) as well as 85% higher SDH activity (P = 0.04) (Fig. 1C-E) .
Maximal oxygen consumption of primary myotubes. Primary muscle cells from untrained and endurancetrained women differentiated into myotubes at similar rates and their gross morphology appeared normal (Fig. 2A) . Primary myotubes from endurance trained women had 38% higher maximal FCCP stimulated oxygen consumption compared with untrained women (P = 0.03) (Fig. 2B-E) . There was no statistically significant difference (all P 9 0.05) in proton leak, basal ATP production, or extracellular acidification rate between trained and untrained primary myotubes (Fig. 2F-H) .
Mitochondrial mRNA and protein, and succinate dehydrogenase activity in myotubes. Primary myotubes from endurance trained women had an epigenetic ''exercise metabolic program'' as evidenced by higher mRNA abundance of several genes associated with mitochondrial biogenesis including PGC1A (+223%), TFAM (+72%), PPAR F (+455%), SDHA (+56%), SDHB (+60%), SDHC (+59%), and SDHD (+77%) (Fig. 3A) . The persistence of this epigenetic signature in primary myotubes raised in vitro likely attributed to the 40% higher complex V (P = 0.05), 100% higher complex III (P = 0.05), and 33% higher complex II (P = 0.02) protein abundance along with the 61% higher SDH activity in primary myotubes (P G 0.01) (Fig. 3B-D) .
DISCUSSION
The goal of this study was to test if primary myotubes derived from exercise-trained women exhibit greater mitochondrial content and oxidative capacity compared with myotubes obtained from untrained women. We initially hypothesized that these myotubes would not demonstrate ''exercise metabolic programming'' based on the following reasons. First, primary myoblasts themselves do not undergo muscle contraction during exercise, so it would be reasonable to assume that they may not be subject to the exercise-induced signals that promote skeletal muscle mitochondrial biogenesis. Second, even if these cells may initially demonstrate greater oxidative capacity, we predicted that such adaptation would fade away while cells are cultured and propagated ex vivo for a month. However, we show that primary muscle cells isolated from exercise-trained skeletal muscle and grown in vitro maintain greater oxidative capacity compared with untrained donors cells. Our findings are in line with previous observations demonstrating that some exercise adaptations persist in primary myotubes grown in vitro (6, 7) . Together, these data suggest that primary myotubes isolated from exercise-trained individuals maintain the ''exercise metabolic program'' for enhanced oxidative metabolism ex vivo.
Skeletal muscle primary cells, also known as resident satellite cells, are located outside the muscle sarcolemma layer but beneath the basement lamina and are quiescent mononucleated myogenic cells. These cells are activated during normal muscle maintenance or when muscle is damaged, both of which will signal the cells to differentiate in vivo to replace old or damaged muscle. The close proximity of primary cells with myofibers is important for myofiber-primary cell communication, which can occur via cell-adhesion proteins (17), diffusible growth factors or myokines (26) , or mechanical, chemical, and electrical activity (27) . From the present work it is apparent that repeated sessions of exercise results in adaptive responses in these primary muscle cells. It is not clear whether these adaptations are triggered by communication from the proximate myofibers, or whether they are results of changes in systemic circulating factors that occur with exercise.
Fifty years ago, Holloszy (13, 14) made the seminal discovery that exercise training promotes skeletal muscle mitochondrial biogenesis and increases oxidative capacity. A number of studies since then explored the molecular mechanisms that regulate skeletal muscle mitochondrial biogenesis (1, 18, 22, 23) . In myotubes from trained versus untrained individuals, mRNA abundance for TFAM, PGC1A, and PPARF were elevated, suggesting that transcriptional machinery similar to those activated in the myofibers potentially play a role in the increased respiratory capacity in these cells. Surprisingly, we did not find a difference in PGC1> mRNA abundance, a transcriptional coactivator that is often referred to as a ''master'' regulator of mitochondrial biogenesis. Prior work has shown that in mouse skeletal muscle, PGC1> is not required for exerciseinduced mitochondrial biogenesis (24) , so it is possible that exercise metabolic programming in these myotubes occurs independent of PGC1>. Another possibility is that PGC1> was only transiently increased with exercise, and that the sustenance of greater mitochondrial mass in myotubes does not require persistently elevated PGC1>. Regardless of the transcriptional mechanism, we found that primary myotubes from trained women had higher mRNA and protein levels of SDH, a classic marker of mitochondrial content. The enzyme SDH is a critical component of fatty acid oxidation and is involved in both the electron transport chain and Krebs cycle as its function is to catalyze the oxidation of succinate to fumarate in the Krebs cycle in parallel with the reduction of ubiquinone to ubiquinol in the electron transport chain. The increased levels of SDH likely increased the capacity for fatty acid oxidation which in turn contributed to the greater maximal oxygen consumption we observed.
In the current study, we compared primary myotubes isolated and differentiated from muscle biopsies from untrained and trained female subjects. Although our data demonstrate greater mitochondrial mass and oxidative capacity in myotubes from trained versus untrained women, we cannot rule out a possibility that these differences came from genetic differences that predisposed these subjects to be untrained/trained. In other words, the cross-sectional nature of this study does not allow us to conclude that the differences in the myotubes came strictly from the effect of exercise training. In our future studies, we will investigate whether similar differences can be observed between preexercise and postexercise training. It is worth noting that all of our experiments were carried out at passage four. Prior work has shown that the metabolic characteristics of myotubes gradually fade after each passage (7, 19) . Thus, it would be of use to identify how many passages the ''exercise metabolic program'' can persist in these myotubes.
In conclusion, we show that primary myotubes isolated and differentiated from muscle biopsies of exercise trained women exhibit greater oxidative capacity than those from untrained sedentary women. These results suggest that primary myotubes from endurance trained skeletal muscle have an imprinted epigenetic ''exercise metabolic program'' that persists after being propagated in vitro. These properties make these primary myotubes an intriguing human model to study the molecular mechanism for exercise adaptations.
